For reducing protein aggregation in foam fractionation, the role of pH-induced structural change in the interface-induced protein aggregation was analyzed using bovine serum albumin (BSA) as a model protein. The results show that the decrease in pH from 7.0 to 3.0 gradually unfolded the BSA structure to increase the molecular size and the relative content of b-sheet and thus reduced the stability of BSA in the aqueous solution. At the isoelectric point (pH 4.7), BSA suffered the lowest level in protein aggregation induced by the gas-liquid interface. In the pH range from 7.0 to 4.7, most BSA aggregates were formed in the defoaming process while in the pH range from 4.7 to 3.0, the BSA aggregates were formed at the gas-liquid interface due to the unfolded BSA structure and they further aggregated to form insoluble ones in the desorption process.
Introduction
Foam fractionation is a physical process in which rising foam serves as the medium to separate surface-active compounds from their diluted solutions [24] . Due to its low cost, free pollution and high efficiency at low concentrations, foam fractionation is widely used to separate not only various organic and inorganic chemical compounds, but also biological materials such as proteins and microorganisms [20, 5, 6] . A typical example for its industrial application is that it is successfully used by Tianjin Kangyi Biotechnology Company in China to separate nisin (a polypeptide) from the fermentation broth. By replacing membrane separation, foam fractionation has effectively decreased the price of nisin from 1200 RMB/kg at 2004 to 500 RMB at 2006 and then to 300 RMB/kg at 2015 (the data were obtained from Tianjin Kangyi Biotechnology Company). The successful application gives foam fractionation a great potential in the large-scale separation of proteins from their highly diluted aqueous solutions [6] .
Foam fractionation has been troubled by protein aggregation induced by the gas-liquid interface [7] . For clearly describing how protein aggregation was induced by the gas-liquid interface, a schematic diagram is presented in Fig. 1 . It is presented that protein molecules suffer structural unfolding as they are adsorbed at the gas-liquid interface [1] . Because a large gas-liquid interfacial area is used in foam fractionation, the number of protein molecules that suffer denaturation at the interface will be large. In the desorption of the unfolded molecules from the interface, some of them cannot return their native structures so that they readily interact with each other to form aggregates [3] , as presented in Fig. 1 . In the foam fractionation of proteins, foam drainage is often enhanced to obtain a high enrichment ratio. However, the enhanced foam drainage reduces the gas-liquid interfacial area to intensify the desorption of adsorbed protein molecules in the rising foam. In this case, protein aggregates will flow into the bulk solution with the drained liquid and may reduce the protein recovery. Furthermore, the enhanced foam drainage increases the relative content of the adsorbed protein molecules in the foam so that protein aggregation in the defoaming process will also be intensified [17] . As a result, protein aggregation induced by the gas-liquid interface will significantly decrease the foam fractionation performances [18, 19] . Then it is necessary to give a molecular-level understanding of the gas-liquid interface-induced protein aggregation to reduce its bad effect on foam fractionation of proteins.
pH is a common parameter that significantly affects both protein aggregation and foam fractionation performances due to its effects on the zeta potentials and structures of proteins [29, 15] . So it is necessary to study the role of pH in protein aggregation in foam fractionation at the molecular level. In general, the net charge of a protein increases as pH deviates from its isoelectric point. The increased charge enhances the electrostatic repulsion between protein molecules to reduce their aggregation in the aqueous solution and reduce the protein surface excess at the gas-liquid interface [10, 13] . The decreased surface excess will result in an unstable foam with large bubbles and low volumetric liquid fraction. Then, a high protein enrichment ratio will be obtained so that a high-level protein aggregation in the defoaming process will be caused [17] . Furthermore, a pH far away from the protein isoelectric point also can unfold the protein structure to enhance protein aggregation [9] . Thus pH will have a complicated effect on the protein aggregation in foam fractionation.
Bovine serum albumin (BSA) is a typical globular protein which has a similar structure to human serum albumin (HSA), so it has wide applications in the pharmaceutical field [26, 16] . Due to its low price, high purity and good foamability, BSA is also widely used in the fundamental studies of foam fractionation [14] . Thus in this work, it will be selected as a model protein for the molecular-level study of the role of pH in protein aggregation in foam fractionation. At present, there are many references reporting the effects of pH on the structure and the foam fractionation of BSA [25, 30, 2] . However, few of them have reported the effect of pH on the aggregation of BSA in foam fractionation.
In the current work, the effects of pH on the zeta potential, secondary structure, tertiary structure and molecular size of BSA will be firstly investigated in the pH range from 7.0 to 3.0. Then, the effect of pH on the aggregation of BSA in the aqueous solution will be investigated. Subsequently, the effects of pH on the BSA surface excess and bubble size will be studied. Finally, the effects of pH on the relative contents of the BSA aggregates in the foamate will be investigated. Based on the above results, the role of pH in the aggregation of BSA in foam fractionation will be discussed at the molecular level.
Materials and methods

Materials
BSA (purity >99%) was purchased from Tianjin Unite Stars Biotechnology Co., Ltd., China. It was dissolved in ultrapure water (electrical resistance = 18.25 MV) prepared by UPR-II-10T water purification system (Chengdu Ultrapure Technology Co., Ltd., China). The pH of each BSA solution was adjusted by sodium hydroxide (NaOH, AR) and hydrochloric acid (HCl, w/w ! 37.0%) purchased from Tianjin Yingdaxigui Co., Ltd., China. The pH values of the BSA solutions were 7.0, 6.0, 5.0, 4.7, 4.0 and 3.0. 1,8-anilinonaphthalenesulfonate (ANS, HPLC purity !97%) was purchased from Sigma-Aldrich, USA. Fig. 2 shows the equipment for the continuous foam fractionation of BSA. The foam fractionation column was constructed by a transparent perspex tube of 50 mm in inner diameter and 1600 mm in height. The BSA solution of 0.30 g/L was injected into the foam fractionation column by a peristaltic pump (BT04F, Beijing Yidaxinkang Precision Pump Co., Ltd., China). Its inlet was located at the foam-liquid interface which has a distance of 1000 mm from the column bottom. A gas distributor of lacunaris sintered glass with 100 AE 20 mm in pore diameter was mounted at the bottom of the column and it had a diameter of 25 mm. Through the distributor, the air was bubbled into the foam fractionation column by an air compressor (AC0-318, Guangdong Hailea Group Co., Ltd., China). In addition, CO 2 in the air was removed by 6 mol/L NaOH solution to prevent its interference with the solution pH. In the experiments, feed flow rate, air flow rate and temperature were fixed at 20 mL/min, 100 mL/min and 25 AE 1 C, respectively. All the collected foams were freely collapsed. 
Equipment
Measurement of far-UV CD spectra of BSA solution
The secondary structures of BSA were measured on the basis of the far-UV CD spectra measured by using a Jasco J-810 spectral polarimeter (JASCO, Japan) with a water jacketed glass cuvette of 0.1 mm in optical path length at 25.0 AE 0.5 C. The CD spectra of each BSA solution at 0.30 g/L in BSA concentration and its reference solution were collected in the range from 190 nm to 240 nm, with a resolution of 1 nm, a time response of 0.5 s and a screening speed of 100 nm/min. Each spectrum was an average of 8 accumulations. After the sample and the reference spectra were obtained, baseline correction was carried out using the spectra analysis software from Jasco. The secondary structure of BSA was estimated using Dichro Web Online K2D algorithms with a mean residual weight (MRW) of 114.1.
Measurement of extrinsic fluorescence spectrum of BSA solution
The extrinsic fluorescence spectra of BSA solutions were measured using an F-4500 fluorescence spectrophotometer (Hitachi Co., Japan) in the presence of the fluorescence probe ANS at 25.0 AE 0.5 C. The addition of ANS solution (8.0 mmol/L) to each BSA solution was 1/200 (v/v). The spectrum of each BSA solution was collected at a scanning speed of 240 nm/min and an excitation wavelength of 370 nm with slits of 2.5 nm and 5.0 nm for excitation and emission, respectively. The spectra were in the range from 400 nm to 650 nm and each one was an average of 8 accumulations.
Measurement of surface tension of BSA solution
The surface tension of each BSA solution at 0.30 g/L was measured by the du Noüy ring method using a JYW-200C automatic surface tensiometer (Chengde Dingshen Testing Equipment Co., Ltd., China) at 25.0 AE 0.5 C. The surface tension was measured after each solution stood for 20 min to obtain the adsorption equilibrium of BSA at the liquid surface.
Evaluation of enrichment and aggregation of BSA in foam fractionation
The enrichment and aggregation of BSA in foam fractionation were evaluated by enrichment ratio (E) and relative contents of BSA aggregates in the foamate (z), respectively. The former was defined as Eq. (1) while the latter and all the BSA concentrations were determined as the previous work of Li et al. [17] with a flow rate of mobile phase of 0.7 mL/min.
where C f and C o are the BSA concentrations in the foamate and the feed BSA solutions, respectively, g/L.
Statistical analysis
Each of the experiments was at least triply repeated. An analysis of variance of the data was performed by using Microsoft Excel. The t-test with p 0.05 was used to determine the difference between mean values. Standard deviation was provided for each mean value.
Results and discussion
3.1. Effect of pH on the BSA structure in aqueous solution 3.1.1. Effect of pH on zeta potential of BSA Zeta potential, as a characterization of electrostatic repulsion between protein molecules, has a great importance in understanding the protein adsorption at the gas-liquid interface at the molecular level [23] . Thus the effect of pH on the zeta potential of BSA was investigated in this section. The results are presented in Fig. 3. From Fig. 3 , the zeta potential of BSA molecules increased from À20.3 AE 2.1 mV to À0.2 AE 1.7 mV to 12.1 AE 2.0 mV with decreasing pH from 7.0 to 4.5 to 3.0. The results indicate that pH 4.7 was the isoelectric point of BSA, the same as the one reported by Chai et al. [8] . Furthermore, the variation of zeta potential with pH was more significant in the pH range higher than pH 4.7 than that in the pH range lower than 4.7.
3.1.2. Effect of pH on molecular size of BSA Molecular size is an important parameter to determine the protein adsorption at the gas-liquid interface [28] , so the effect of pH on the size distribution of BSA molecules was investigated in this section. The results are presented in Fig. 4 .
In the main figure of Fig. 4 , BSA had the similar molecular size distribution in the pH range from 7.0 to 4.7. As pH decreased from 4.7 to 3.0, the molecular size distribution became wider. The inserted figure of Fig. 4 shows that the average molecular size suffered no significant changes with decreasing pH from 7.0 to 4.7 but largely increased from 10.1 AE 0.5 nm to 12.4 AE 0.6 nm as pH further decreased from 4.7 to 3.0. The results indicate that pH unfolded the BSA structure in the range lower than the isoelectric point of BSA. The results were similar to those of El Kadi et al. [12] and Barbosa et al. [2] , where BSA had a partially unfolded structure in the pH range from 4.0 to 2.0. Combining the results in Figs. 3 and 4, increasing positive charge but not negative charge unfolded the BSA structure. It is indicated that the acid amino acid residues were mainly present at the molecular surface of BSA while the basic ones were distributed inside the BSA molecule. When the BSA structure was unfolded at a low pH, more basic amino acid residues were exposed to the solution and accessible to ionization. However, in the pH range from 4.7 to 3.0, the molecular size also increased and then the increase of the electric charge density would be smaller than that in the pH range from 4.7 to 7.0.
Effect of pH on second structure of BSA
BSA has an a-helix-dominant second structure, so the decrease in the relative content of a-helix often corresponds to the unfolding of the BSA structure [25] . Furthermore, Bhattacharya et al. [4] reported that increasing the relative content of b-sheet enhanced the aggregation of BSA, suggesting the importance of secondary structure in the aggregation of BSA. Thus the effect of pH on the secondary structure of BSA was investigated. The results are presented in Fig. 5 .
In the main figure of Fig. 5 , at a fixed wavelength from 190 nm to 240 nm, the negative value of mean residue ellipticity gradually increased with decreasing pH from 7.0 to 3.0. It is indicated that pH affected the secondary structure of BSA. In detail, the inserted figure of Fig. 5 shows that the relative contents of a-helix, b-sheet and random coil had no significant changes with decreasing pH from 7.0 to 4.0. As pH further decreased to pH 3.0, the relative content of a-helix significantly decreased with an obvious increase in the relative content of b-sheet. [25] reported that the relative content of a-helix of BSA at pH 7.0 (67%) was much higher than that at pH 2.8 (54%). Their results were basically in consistent with the current ones. For BSA, the decrease in the relative content of a-helix indicates the unfolding of the protein structure. Thus the results in Fig. 5 were also consistent with those in Fig. 4. 
Effect of pH on hydrophobicity of BSA
Hydrophobicity plays an important role in the adsorption of proteins at the gas-liquid interface [27] . Thus in this section, the effect of pH on the hydrophobicity of BSA was investigated using extrinsic fluorescence spectrometry with ANS as a fluorescence probe [26] . The specific measurements for the extrinsic fluorescence spectra of BSA solutions had been described in the previous work of Li et al. [17] . The results are presented in Fig. 6. From Fig. 6 , the maximal fluorescence intensity gradually increased with decreasing pH from pH 7.0 to pH 3.0. It is indicated that decreasing pH increased the BSA hydrophobicity. The decrease in pH from 7.0 to 4.7 reduced the negative charge which could prevent the ANS probe from interacting with the hydrophobic groups of the BSA molecule. As pH further decreased, the BSA structure became unfolded so that more ANS probes were associated with the hydrophobic groups. In addition, the increased positive net charge could enhance the interaction between the BSA molecules and the ANS probes [26] . So the maximal fluorescence intensity increased as pH decreased.
Role of pH-induced structural change in the aggregation of BSA in aqueous solution
For clearly understanding how pH affected the aggregation of BSA induced at the gas-liquid interface, the role of pH-induced structural change in the aggregation of BSA in aqueous solution was investigated by correlating the effect of pH on the aggregation of BSA with its effect on the BSA structure. In the experiments, the BSA sample without aggregates was prepared by size exclusion chromatography according to the work of [17] . It was used to prepare the BSA solutions of 0.30 g/L with pH 7.0, 6.0, 5.0, 4.7, 4.0 and 3.0. The prepared BSA solution at each pH was stored at 4 C for 24 h and then the relative content of each BSA aggregate (z) in it was detected. The results for the effect of pH on the aggregation of BSA in the aqueous solution are presented in Fig. 7 . Fig. 7A shows that the peak area for the BSA monomer gradually reduced as pH decreased from pH 7.0 to 3.0, corresponding to the increase in the peak area of BSA aggregates, particularly dimer.
Specifically, Fig. 7B shows that z total aggregates increased from 0% to 16.2 AE 1.3% with decreasing pH from 7.0 to 3.0. More importantly, z dimer and trimer significantly increased as pH decreased and insoluble aggregates were formed when pH was lower than 4.0.
In addition, z nonamer had no significant changes with pH. Thus in the current pH range, decreasing pH enhanced the formation of dimer and even insoluble aggregates. Referring to the results in Section 3.1, decreasing pH from 7.0 to 4.7 reduced the net charge of BSA molecules but did not change their structures. Then, the decrease in pH just weakened the intermolecular electrostatic repulsion to improve the possibility for protein aggregation. As pH decreased from 4.7 to 3.0, the BSA structure unfolded to weaken the intermolecular repulsion and make more hydrophobic groups exposed to the solution so that the BSA aggregation was also enhanced. The increased relative content of b-sheet could also intensify the aggregation of BSA [4] . Furthermore, the more unfolded structure allowed more protein molecules to form an aggregate with a larger size. Resultantly, reducing pH enhanced the aggregation of BSA and even the formation of insoluble aggregates. In addition, the unfolding of the protein structure played a more important role in protein aggregation than the weakened intermolecular repulsion.
3.3. Role of pH-induced structural change in the aggregation of BSA in foam fractionation 3.3.1. Effect of pH on the adsorption of BSA at the gas-liquid interface Before the studies on the effect of pH on the aggregation of BSA in foam fractionation, its role in the adsorption of BSA at the gasliquid interface was firstly discussed by investigating its effects on the surface tension of the BSA solution (g), and the surface excess of BSA (G) and bubble radius (r 32 ) during the process of foam fractionation. The measurements of G and r 32 had been specifically described in the previous work of Li et al. [17] with the pictures for measuring r 32 taken at the top of the foam fractionation column. The results are presented in Fig. 8 . From Fig. 8 , G slightly sharply increased from (4.8 AE 0.4) Â 10 À7 kg/m 2 to (7.8 AE 0.6) Â 10 À7 kg/m 2 and then slightly decreased to (7.1 AE 0.6) Â 10 À7 kg/m 2 as pH decreased from 7.0 to 4.7 to 3.0. Correspondingly, g suffered the inverse variation with pH. At the isoelectric point (pH 4.7), BSA had the maximal adsorption at the gas-liquid interface and the result was consistent with the common knowledge [13] . The sharp increase in G with decreasing pH from 7.0 to 4.7 was attributed to the gradually weakened intermolecular electrostatic repulsion. Importantly, the statistical analysis shows that the variation of G in the pH range from 4.7 to 3.0 was not significant, although the intermolecular electrostatic repulsion and the BSA molecular size increased. In general, G decreased as pH deviated from the protein isoelectric point due to the enhancement in the intermolecular electrostatic repulsion. Furthermore, the increase in molecular size also decreased the protein adsorption at the gas-liquid interface due to the increase in diffusion resistance [28] . However, both the two effects did not significantly reduce G. It is indicated that the protein-protein association at the gas-liquid interface played an important role in preventing the decrease in G with decreasing pH from 4.7 to 3.0. The adsorption of BSA at the gas-liquid interface obeyed the multilayer adsorption theory so that a higher level in protein-protein association at the gas-liquid interface corresponded to a higher surface excess [11] . The results in Section 3.1 show that decreasing pH from 4.7 to 3.0 made the BSA structure more unfolded to increase the protein hydrophobicity. Then the unfolded BSA molecules with high hydrophobicity certainly enhanced the protein-protein association at the gas-liquid interface [22] . As a result, G had no significant decrease in the pH range from 4.7 to 3.0. In addition, r 32 significantly decreased to the lowest value and then slightly increased as pH decreased from 7.0 to 4.7 to 3.0. According to the Laplace equation, a lower G corresponded to a smaller r 32. So the variation of r 32 with pH was opposite to that of G. That is to say, larger bubbles were stabilized by a smaller amount of BSA molecules adsorbed at the gas-liquid. In this case, the adsorbed BSA molecules undoubtedly had more unfolded structures to make more hydrophobic groups exposed at the gas phase to stabilize the bubbles [7] . Resultantly, a lower G corresponded to a more unfolded BSA structure at the gas-liquid interface [21] .
Effect of pH on the aggregation of BSA in foam fractionation
In this section, the role of pH in the aggregation of BSA in foam fractionation was discussed by analyzing the effects of pH on the relative contents of BSA aggregates in the foamate (z) and its effects on the structure and interfacial adsorption of BSA. The results for the effects of pH on the relative contents of BSA aggregates in the foamate and the BSA enrichment ratio (E) are presented in Fig. 9 . From Fig. 9A , z total aggregates decreased from 31.2 AE 22.6% to 15.6 AE 1.3% and then increased to 24.8 AE 2.1% with decreasing pH from 7.0 to 4.7 to 3.0. Furthermore, the variation of z total aggregates with pH was attributed to that of z insoluble aggregates with pH. At the isoelectric point, BSA suffered the lowest level in protein aggregation induced by the gas-liquid interface and no insoluble aggregates were formed in the foamate. As pH deviated from the isoelectric point, the increase in r 32 resulted in a gradual decrease in the liquid holdup of the rising foam so that E gradually increased (Fig. 9B) . A high E corresponded to a high ratio of the amount of BSA molecules adsorbed at the gas-liquid interface vs that in the entrained liquid. So a high E readily resulted in a high level protein aggregation in the defoaming process [17] . The discussion in Section 3.3.1 suggests that the structures of the BSA molecules adsorbed at the gas-liquid interface became gradually unfolded with pH deviating from the isoelectric point. The gradual unfolding protein structure also enhanced the aggregation of BSA molecules in their desorption from the gas-liquid interface. Resultantly, z total aggregates had the lowest value at the isoelectric point. Specifically, in the pH range from 7.0 to 4.7, z total aggregates and E suffered similarly sharp decreases. It is indicated that most BSA aggregates were formed in the defoaming process [17] . As pH decreased from 4.7 to 3.0, E slightly increased while z total aggregates largely increased. The results are mainly because the gradual unfolding of the BSA structure caused a high level in protein aggregation at the gas-liquid interface and the aggregates formed at the gas-liquid interface further aggregated to insoluble ones in their desorption from the interface.
Conclusions
Decreasing pH from 7.0 to 3.0 gradually unfolded the BSA structure to increase the molecular size and the relative content of b-sheet. The unfolding structure enhanced the formation of insoluble aggregates in the aqueous solution and thus increased the instability of BSA. At the isoelectric point (pH 4.7), no remarkable experimental phenomenon on the aggregation of BSA in the aqueous solution was observed. In addition, the unfolding of the protein structure played a more important role than the zero net charge in the enhancement of protein aggregation.
At the isoelectric point, BSA suffered the lowest level in protein aggregation induced by the gas-liquid interface. As pH deviated from the isoelectric point, the increase in bubble size resulted in the increase in the BSA enrichment ratio. The increased enrichment ratio enhanced the formation of insoluble aggregates in the desorption of BSA molecules from the gas-liquid interface. In the pH range from 7.0 to 4.7, most BSA aggregates were formed in the defoaming process. In the pH range from 4.7 to 3.0, the unfolding of the BSA structure enhanced protein aggregation at the gas-liquid interface and the aggregates at the interface further aggregated to insoluble ones in the desorption process. The results had important implications to clearly understanding the role of pH in protein aggregation in foam fractionation. Enrichm ent ratio, E pH A B Fig. 9 . Effects of pH on the relative contents of total aggregates, oligomers (132.8-664 kDa) and insoluble aggregates in the foamate (A) and the BSA enrichment ratio (B).
